Among different printing techniques, direct ink writing is commonly used to fabricate 3D battery and supercapacitor electrodes. The major advantages of using the direct ink writing include effectively building 3D structure for energy storage devices and providing higher power density and higher energy density than traditional techniques due to the increased surface area of electrode. Nevertheless, direct ink writing has high standards for the printing inks, which requires high viscosity, high yield stress under shear and compression, and well-controlled viscoelasticity. Recently, a number of 3D-printed energy storage devices have been reported, and it is very important to understand the printing process and the ink preparation process for further material design and technology development. We discussed current progress of direct ink writing technologies by using various electrode materials including carbon nanotube-based material, graphene-based material, LTO (Li 4 Ti 5 O 12 ), LFP (LiFePO 4 ), LiMn 1-x Fe x PO 4 , and Zn-based metallic oxide. Based on achieve electrochemical performance, these 3D-printed devices deliver performance comparable to the energy storage device fabricated using traditional methods still leaving large room for further improvement. Finally, perspectives are provided on the potential future direction of 3D printing for all solid-state electrochemical energy storage devices.
properties of the electrodes and the electrolyte, while the surface area and the transport length are determined by the structure of the devices [5] . Conventionally, the electrodes on the 2D devices are designed to be folded, wound or stacked. In order to increase the energy density of devices, the traditional way is to increase the thickness of the electrodes. However, this will cause the power density to decrease due to the increased ion transport length [5] . Moreover, traditional battery designs with 2D structure require a large footprint area in order to generate high capacity [17] . Therefore, the power density and the energy density exhibit an inversely proportional relationship in 2D structure. Besides, the equation (2) which is presented below demonstrates the relationship between specific energy and porosity of the electrodes [18] , and and (2) Where E is specific energy, I is the current density,  is porosity of the electrode,  r L r is the mass of current collector or other sheets between the cells,  s is the density of separator, L s is the thickness of separator, L + is the thickness of the electrode,  + is the density of the electrode material, U is the open-circuit potential, k s is the separator conductivity, t d is discharge time and q + is the capacity per unit volume of solid material which including active material, conductive additives and binder. From this equation, for a given discharge time, open-circuit potential and electrode capacity density, with other parameters are supposed to be fixed, porous electrodes can be designed to increase the specific energy of batteries. By ingeniously manipulating the 3D porous structure, the surface area increases without increasing the transport length, which offers a potential opportunity to improve the power density and energy density at the same time. A qualitative comparison between 2D thin film battery and 3D nano-architectures battery is shown in Table 2 . As noted in the table, two main advantages of 3D structure electrode for electrochemical energy storage devices are an increase in energy density within a small areal footprint and an increase in power density by decreasing transport path of ions in the electrolyte [20] . 
Direct Ink Writing (DIW)
3D structure energy storage devices show some potential advantages as explained above.
Currently, several strategies have been employed to accurately prepare 3D architectures including direct ink writing (DIW) [21] , direct laser writing (DLW) [22] , interference lithography (IL) [23] , phase-mask lithography (PML) [24] , and colloidal self-assembly (CSA) [25] . Direct ink writing is one of the most popular 3D printing methods applied in energy device printing area, because of the low cost, material flexibility and the ability to construct arbitrary 3D architectures without additional expensive tooling, lithographic masks or dies [21, 26] . Usually, an initial investment of direct ink writing technique is less than $ 1,000 which included a simple desktop 3D printer, heated bed, air-powered dispenser and micro-nozzle [27] . The term 'direct ink writing' depicts fabrication methods where a computer can control the translation stage and the pattern generating device, such as ink-deposition nozzle, to create materials with a specific composition and architecture [26] . In principle, direct ink writing techniques are based on the deposition of inks with a desired rheological behavior, e.g., nanoparticle-, colloid-, or organicbased inks to build patterns in layer-by-layer fashion [26] . After deposition, the patterns usually become solid through the evaporation of solvents, chemical changes (e.g., cross-linking of polymers) or cooling [28] . As shown in Fig. 1 , the direct ink writing techniques include: (1) continuous filament approaches, such as robocasting [29] , fused deposition [30] , and micropen writing [31] ; (2) droplet-based approaches, such as ink-jet printing [32] , hot-melt printing [33] and 3D printing. Each printing scenario benefits from its advantages but also suffers from its drawbacks. A comparison of each printing scenario is shown in Table 3 . For continuous filament writing approach, the ink is extruded continuously from a fine cylindrical nozzle with a diameter ranging from 0.1 to 250 m to make a filamentary element [34, 35] . Fig. 1 demonstrates there are a number of ink materials which can be printed into different 3D structures by using continuous filament approaches. For the droplet-based approach, the ink is deposited drop by drop as needed. One of the big challenges is the ink preparation due to the specific rheological property requirement. The properties of inks are directly affected by material preparation, printing strategy and architectural design. A well printable ink is usually composed of polymeric or particulate species which can be easily dissolved or suspended in a liquid, ultraviolet-(UV-) curable resins which are polymerized upon printing, or wax-based materials [36] . Specific parameters, such as appropriate ink viscosity, high yield stress under shear and compression, and well-controlled viscoelastic properties should be met for printable ink. Typically, the ink viscosity and filament diameter for continuous filament writing are controlled as 10 2 -10 6 mPa·s and 1 m-1 mm, respectively. Furthermore, the corresponding values of droplet-based printing are kept as 2-20 mPa·s and 10-30 m [36] . Thus, only delicately prepared inks can flow through the deposition nozzle smoothly, and minimize drying-induced shrinkage after the deposition [21] .
Different macro and micro structures of materials that are prepared by droplet-based writing are also presented in Fig.1 . surfactants, organic precursors etc. [28, 37] . Recently, carbon-based materials have been widely investigated as electrode for 3D structure energy storage devices, such as carbon nanotubes (CNTs), carbide derived carbons, carbon nanofibers (CNFs), graphene oxide (GO), and graphene [9] . Carbon-based inks are typically prepared in volatile solutions which includes carbon fibers such as carbon blacks and GO, solvent, polymers and other additives. Inks prepared by carbon blacks always require additional polymers to adjust the viscosity of the inks in order to achieve the proper printability [38] . In contrast, graphene-based materials, which exhibit large specific surface area, great electrical conductivity, chemical stability and environment-friendliness, are extensively used as active materials for electrodes [39] . There are different synthesis methods to prepare graphene-based materials, including chemically exfoliated graphene oxide [40] , chemical vapor deposition (CVD) [41] , ethanol-CVD [42] . However, the assembly of graphene into applicable monolith is a big challenge. Unsuccessful assembly process would cause problems such as restacking and aggregation of graphene sheets, which would narrow the ion and electron transport channels and reduce the ion-accessible surfaces, leading to a drastic decrease of capacitive performance [39] . In order to overcome these shortcomings, several graphene-based materials with 3D structure, for instance, hydrogels, aerogels, sponges and porous films [43] [44] [45] [46] have been proposed since they can provide a network of interconnected pores for 3D structure devices [47] .
3D printing is able to print graphene hydrogel and aerogel for electrochemical energy storage devices [48] . Hydrogel can absorb significant amounts of water (over 90%) without dissolving [49] . Hydrogel has attracted significant attention due to its properties of great flexibility and light weight. Aerogel is the other most popular 3D graphene-based material to fabricate electrodes for supercapacitors and batteries due to its very high specific surface area for ion accessibility. Aerogel is a synthetic porous material and it is flexible to be fabricated from different types of materials, such as metals, carbons and polymers [50] . Besides, the porosity, pore structure and mechanical properties of the aerogel can be controlled according to different requirements and applications [51] . The advantage of using 3D direct ink writing to print aerogel material is that they enable inks to be patterned in the filamentary form in the scope ranging from 100 m 2 to 1 m 2 with a minimum feature size of 1 m [16] . At the same time, 3D-printed graphene-based micro-lattices can exhibit excellent properties of high conductivity, light weight and super-compressibility [52] .
Several studies on 3D printing energy storage devices have been reported. According to different printing materials, these studies can be classified into different categories, including CNT based material, graphene based material, LTO (Li 4 writing is a new technique which be applied in the electrochemical energy storage device fabrication, in this review, we focus on the ink preparation, the printing process and electrochemical performance of devices in order to obtain a better understanding of 3D direct ink writing and develop a new concept for further material design.
Carbon nanotube-based Materials for Electrodes Energy Storage Devices

3D direct ink writing single-wall CNT Li-S battery
Carbon nanotube (CNT) is a good candidate for microelectronic device applications due to its long mean-free path for acoustic phonon scattering, great carrier mobility, and its micro size. [53] Furthermore, Li-S battery is more likely to become the next generation of energy storage device since sulfur has a high theoretical capacity of 1675 mAh g -1 . Recently, Craig et al.
illustrated that single-walled carbon nanotubes infused with sulfur (S@SWNT) could be used as a well printable ink to fabricate Li-S battery by using the direct ink writing. For the ink design, sulfur was infused within the single-walled carbon nanotubes with 95% metallic character (SWNT-met) to prepare S@SWNT, which played the roles of integrated current collector and active material. The printing inks were prepared by dispersing SWNT-met and S@SWNT in the cyclohexylpyrrolidone (CHP) carrier solvent at a concentration of 0.2 mg mL -1 with an ultrasonic treatment for 6-8 h. CHP was a better carrier solvent than N-methylpyrrolidone (NMP) for Li-S battery, because NMP could cause CNT bundling inside the inks and the shape conformality of electrode was worse than that of CHP. An aluminum foil substrate was taped directly to the printing stage and it was annealed on the hotplate at 150 C for 10-15 min in order to remove residual CHP carrier solvent after printing. The electrolyte was prepared by mixing dioxolane and dimethoxyethane at the volume ratio of 1:1 and 1M LiCF 3 SO 3 . The ink was printed on an aluminum foil and the linear borders and nearly perfect shape conformity of the ink squares indicated that the inks had an excellent printability. SEM images of electrodes revealed that a tightly interspersed SWNT network was formed after printing [54] .
The electrochemical performance of the printed-electrodes showed the S@SWNT had a characteristic of pseudocapacitive electroactivity. Initially, the cathodic sweep had small peaks at 2.37 V, 2.05 V and 2.00 V (V vs. Li/Li + ). During the subsequent sweeps, the latter two cathodic peaks became broader and shifted to 2.08 V and 1.91 V. For the anodic side, there were two distinct peaks at 2.38 V and 2.43 V originally, and the magnitude of these two peaks diminished during the subsequent sweeps. The cycle performance of the printed S@SWNT under two different sizes of electrodes demonstrated that the 5 5 mm electrode had a higher initial discharge capacity than the 2 2 mm, and it retained ~96% of initial capacity after 100 cycles.
Some explanations could be concluded regarding the different performances between two different sizes of electrodes including the arrangement and the size of SWNT interstices, inter-SWNT connectivity and pore spaces of electrode, etc. [54] . In general, the printed-S@SWNT electrodes would produce a stable discharge capacity in the range 700-800 mAh g -1 S which was larger than that of traditional 2D graphene/single-walled carbon nanotube (G/SWCNT) Li-S batteries with a capacity of 650 mAh g -1 after 100 cycles [55] .
3D direct ink writing multi-wall CNT Li-S battery
In order to discover a new pathway of 3D printed-Li-S battery via CNT material, Craig et al. also reported the Li-S battery fabrication by using multiwall carbon nanotubes (MWCNT).
MWCNT-based electrodes are highly conductive and ultraporous, which are important for electronic, ionic and electrolyte transport inside the battery [56] . In this work [56] , Craig et al.
used MWCNT to print micro-electrodes which could provide high areal capacity of 7 mA h cm -2 at 11.5 mA cm -2 with the active material loading of 50 wt%. The electrochemical performance is presented in Fig. 2(b-c) . Fig. 2(b) shows the voltage profiles as a function of cycle number for the cell with 3.4 mg sulfur cm -2 at C/2 rate. During the initial charge, the figure only showed the sloping region and the upper plateau, which indicated that the polysulfides were dissolved in the initial charge. After several cycles, the upper plateau of voltage profiles extended from 2.4 to 2.35 V and the lower plateau was stable at 2.05 V. Fig.   2 (c) demonstrates the galvanostatic cycling performances for different sulfur loadings of 3.4 and 6.8 mg S cm -2 at cycle rate of C/2 and 1C. The specific discharge capacities tended to be constant after 25 cycles for both of sulfur loadings. As shown in the figure, the discharge capacities for high loading electrodes were above 735.3 mA h g -1 for the first 50 cycles at rate of C/2 and 1C.
After 200 cycles, the discharge capacity was stable at 514.7 mA h g -1 for high sulfur loading at C/2 and 1C rate. And the discharge capacity was 735.3 mA h g -1 for low sulfur loading at C/2 rate, 588.2 mA h g -1 at 1C rate. These results met the benchmark of the microelectrode performance which was 5-10 mA h cm -2 for microelectronic devices [20] . Furthermore, it was a big improvement of capacity compared with the traditional carbon nanofiber-sulfur composite
Li-S battery with a rate capability of 437 mA h g -1 at 1A g -1 [58] . 
Graphene-based Materials for Energy Storage Devices
3D direct ink writing graphene aerogel supercapacitor
One of the big challenges of direct-ink writing is to design gel-based viscoelastic ink materials with non-Newtonian shear thinning behavior, for the purpose of facilitating flow under a fast pseudo-plastic to dilatant recovery and enhancing the shape retention [52] . According to the results presented by Cheng et al., by adding different functional fillers, such as silica filler, conductive nanoparticles, or nanofibers, the physical and electrochemical properties of the inks were improved [59, 60] . Thus, it is important to prepare printable graphene oxide (GO) inks with high viscosity and self-supporting shape integrity after the deposition for 3D printing graphene aerogel supercapacitor [52] . water for 24 h. With increasing the GO suspension concentration, the suspension exhibited higher apparent viscosity, higher shear rate and better printability [61] . Note that a higher weight percentage of silica filler with a submicron particle size was added in the GO suspension to increase the viscosity [62] . Thus, the printability of the GO inks could be enhanced during the printing process [52] . Fig. 3(b) shows the relationship between moduli and shear stress for GO suspensions with and without silica filler. Based on this figure, 20 mg ml -1 GO suspensions without silica filler had an elastic modulus value of about 1,000 Pa and a yield stress of about 40
Pa [52] . It was clearly seen that the elastic modulus and yield stress of 40 mg ml -1 GO suspensions with silica filler increased by over one order of magnitude. As a consequence, the GO suspensions of higher concentration with higher amount of silica filler could improve the printability of the inks.
The process of 3D printing graphene aerogel supercapacitor is illustrated in Fig. 3(c) . To achieve the ideal printable ink, Cheng et al. prepared ink by adding 3.6 g high concentration GO
suspensions (40 mg ml -1 ) and 0.9 g silica filler. Eventually, 0.3 g graphene nanoplatelets (GNPs)
were added along with the 2.0 g resorcinol-formaldehyde (R-F) solution to induce gelation by introducing chemical bonding between GO sheets [63] . The aerogel microstructure could be improved by the gelation method as was shown in some previous studies [63] . As the 3D-printed pure graphene aerogels alone without graphene nanoplatelets and organic solvents were not ideal material due to the high electrical resistance for supercapacitor, graphene nanoplatelets were added in the GO suspensions in order to increase the electrical conductivity and lower the resistance. In this way, homogenous, thixotropic and highly viscous inks were prepared. In order to successfully convert the 3D printed GO structure to an aerogel, it was important to keep the GO inks wet during the printing and gelation process. The printed structures could then be processed into aerogels by following the steps of gelation, freeze-drying or supercritical-drying, and etching of the silica with hydrofluoric acid [64, 65] . The liquid in the pores of the wet gel could be removed by using freeze-drying or supercritical-drying to avoid gel collapse due to capillary forces [52] . This printing work was carried out in an organic solvent (2,2,4-trimethylpentane) which was less dense than water and was immiscible with the GO inks [66] . The structure of the 3D-printed graphene was designed as simple cubic lattices which consisted of multiple orthogonal layers of parallel cylindrical filaments printed in a layer-by-layer structure with a pore volume of 0.25 cm 3 . These results illustrated that the aerogel which was fabricated by 3D direct ink writing exhibited a great structural integrity, micro-architecture accuracy and good quality of printing [52] . With reprint permission from Ref [39, 52] .
The electrochemical performance, e.g., cyclic voltammetry (CV), chronopotentiometry, gravimetric capacitance and cycling stability, of 3D-printed graphene composite aerogel (3D-GCA) electrodes was evaluated in an aqueous electrolyte of 3M KOH in DI water [39] . The results are illustrated in the Fig. 3(d-e ). All 3D GCA symmetric supercapacitor (SSC) samples demonstrated CV curves with quasi-rectangular shape at different scan rate and a triangular shape of charge and discharge profiles, which indicated that the 3D GCA SSC exhibited nearideal electrical double layer capacitive behavior with small internal resistance [67] [68] [69] . The maximum gravimetric capacitance of the 3D-GCA SSC was 4.76 F g -1 at a current density of 0.4
A g -1 , and 61% of the maximum gravimetric capacitance remained when the current density was increased to 8 A g -1 [39] . Compared to other carbon-based symmetric supercapacitors (SSCs), the gravimetric capacitance for CNT-coated paper-based SSC was 0.38 F g -1 [70] and the activated carbon cloth-based SSC was 0.765 mF g -1 [67] . Nevertheless, the 3D-GCA SSC achieved much higher gravimetric capacitance and exhibited great electrochemical stability with a capacitance retention of 95.5% after 10,000 consecutive charge and discharge cycles at a scan rate of 200 mV s -1 .
3D direct ink writing graphene hydrogel (GH)-polyaniline (PANI) supercapacitor
Besides the graphene aerogel, graphene hydrogel is the other material that be used in 3D direct ink writing for preparing supercapacitors. Over the past few years, freestanding graphenebased paper-like structure (GP) has attracted considerable interest in flexible supercapacitor because of its high electrical conductivity of 10 3 -10 4 S m -1 and large surface area of 2630 m 2 g -1 [71] . Compared with traditional fabrication methods, such as vacuum filtering and self-assembly, 3D direct ink writing technique provides an advanced method to fabricate GP and devices with large-area and low cost [72] . Additionally, the thickness of GP and the shape or Graphene oxide (GO) ink was printed on a commercial paper first by the direct ink writing technique and 3D GH would self-assemble from GO through - stacking. GH-PANI ink was then overprinted on the GO paper (GOP). After hydroiodic acid (HI) reduction reaction, the freestanding GH-PANI/GP was peeled off from the commercial paper substrate [73] . Moreover, a gel electrolyte was prepared by mixing H 2 SO 4 , poly (vinyl alcohol) (PVA) and DI water under 85 C for 1 h. The supercapacitor was finally assembled by combining of electrodes (GH-PANI/GP), electrolyte and a cellulose separator. Fig. 4(b) shows the differences between different graphene-based inks and their paper material; the flexibility was greatly improved for GH-PANI/GP.
The electrochemical performance is shown in the Fig. 4(c-e) . The supercapacitor prepared by the direct ink writing exhibited remarkable mechanical flexibility. As shown in the figures, the operating voltage was set at 0.8 V during the experiment, and the energy density of the supercapacitor was 24.02 Wh kg -1 at a power density of 400.33 W kg -1 . In addition, the supercapacitor also showed a good long-term cycling stability; it retained 85.6% of the initial capacitance after 5,000 cycles at a fixed current density of 8 A g -1 [73] . 
LTO and LFP-based Materials for Energy Storage Devices
3D direct ink writing LTO and LFP Li-ion micro-battery
A rapidly developing market for microscale devices, such as actuator drives [74] , biomedical sensors [75] and micro-electro-mechanical systems (MEMS) [76] has attracted attention from academia. Scientists try to fabricate micro-battery as 3D structure because it can double the energy density by fully using the limited space [77] . As 3D direct ink writing techniques develop, they provide a precise method to fabricate 3D interdigitated micro-battery architectures (3D-IMA and LFP (LiFePO 4 ) have been employed as the anode and cathode materials in the Li-ion microbattery. These materials exhibited minimal volumetric expansion, which could better accommodate strain in the electrode during the charge and discharge processes [16] .
Optimized concentrated cathode and anode inks are important to fabricate 3D-IMA.
Concentrated anode and cathode inks were prepared by suspending nanoparticles of LTO with a mean diameter of 50 nm and LFP with a particle size of less than 300 nm in a solution consisting of DI water, ethylene glycol, glycerol and cellulose-based viscosifiers. After several trials, the inks with the desired rheological and printing behavior consisted of LTO with the 57 wt% solids loading and LFP with 60 wt% solids loading. Under these conditions, both LTO and LFP inks have viscosities ranging from 10 3 to 10 4 Pa·s at 1 s -1 , the plateau modulus is near 10 6 Pa and their shear yield stress in the range 10 2 to 10 3 Pa. Images of LTO and LFP ink are presented in Fig.   5(a) . LTO and LFP ink were exactly printed by following the pattern of the current collector.
The process is presented in Fig. 5(b) [16] . A graded volatile solvent system which included deionized water, ethylene glycol and glycerol was used to control the ink adhesion and solidification during the 3D printing process. DI water evaporated first during the printing due to its low boiling point (100 °C), which helped to induce partial solidification of the printed features. Ethylene glycol and glycerol acted as humectants to reinforce the bonding between each layer [78] . After the printing was finished, the LTO and LFP microelectrode arrays were heated to 600 °C in inert gas to remove the organic solvent and speed up the nanoparticle sintering [16] .
From Fig. 5(c) , the microstructure of electrodes indicated that the 3D structure could remain highly porous and convenient for electrolyte penetration [79] . Fig. 5(d) depicts a 3D-IMA composed of LTO-LFP electrodes after packaging. The small plastic case contained the Li-ion micro-battery and liquid electrolyte. The liquid electrolyte was prepared by mixing 1M LiClO 4 at 1:1 volume ratio of ethylene carbonate and dimethyl carbonate [16] . Fig. 5(e) shows the cyclic voltammetry (CV) test at a constant scan rate of 5 mV s -1 between voltage of 1.0 and 2.5 V. It became apparent that the stable reduction peak occurred at 1.3 V and the stable oxidation peak occurred at 2.4 V. Furthermore, Fig. 5(f) shows the galvanostatic charge and discharge profile of the packaged 3D-IMA at a rate of 0.5 C, a capacity of about 1.2 mAh cm -2 with a low potential gap between charge and discharge [16] . Notably, the 3D-IMA fabricated in this work [16] could perform a high areal energy density of 9.7 J cm -2 at a power density of 2.7 mW cm -2 . However, 3D-IMA showed a low coulombic efficiency for each cycle and poor long-term cyclability due to the hermeticity of the device, which suggested that a further optimization of 3D-IMA should be considered. 
3D direct ink writing LTO/GO, LFP/GO Li-ion battery
In order to improve the electrical conductivity of electrodes, graphene oxide (GO) is added into the inks, not only because it is a good candidate to provide high electrical conductivity to fabricate 3D printed electrodes, but also because of its noteworthy printing capabilities and distinctive viscoelastic properties [80] . Kun et al. developed LTO/GO, LFP/GO electrode inks for Li-ion battery by using 3D direct ink writing. As mentioned in Section 1, the inks with high concentration of GO exhibited gel-like property with a high elastic modulus.
Instead, the low concentration of GO inks showed liquid-like property, which was improper for 3D direct ink writing [81] . Fig. 6(a) shows a schematic of the 3D-printed lithium-ion battery by using LTO/GO, LFP/GO inks. In this work [37] , LFP and LTO were selected as electrode active material, and the highly concentrated aqueous GO-based inks (80 mg ml -1 ) composed of GO sheets with an average thickness of 2.5 nm and electrode active material. DI water worked as solvent to make inks feasible for printing since it is inexpensive and safe during the drying process. GO sheets had a high surface area, and the electrode active materials can be loaded on their surface. Briefly, GO sheets and electrode active material were uniformly mixed together, the cathode and anode inks were then prepared separately and stored in two syringes. As shown in Fig. 6(a) , filaments of good fluidity were extruded directly from a nozzle and deposited layerby-layer using the computerized printing routine. The GO flakes were aligned along the printing direction because GO sheets exhibited an anisotropic liquid crystalline behavior in the aqueous solution. After the architectures of both electrodes were printed, freeze-drying was employed to remove the water and solidify the 3D structure of the device. During the drying process, due to the strong H-bonding between the water molecules and the functional groups on the surface of GO, the fresh electrodes would be shelved for more than ten hours without any structural damage.
[37] After freeze drying, a thermal annealing process (600 °C in Ar/H 2 for 2 h) was applied to reduce the GO in the 3D structure to graphene [82] . Furthermore, GO with the porous structure would also offer a large space to accommodate the gel electrolyte. From Fig. 6(a) , the channels between two interdigitated annealed electrodes were printed with a polymer composite ink consisting of poly(vinylidenefluoride)-co-hexafluoropropylene (PVDF-co-HFP) and Al 2 O 3 at a mass ratio of 1:10 in N-Methyl-2-Pyrrolidone (NMP) solvent, which served as gel polymer electrolyte and electrically insulated separator [37] . With reprint permission from Ref [37] .
The physical properties are shown in Fig. 6(b-c) . Fig. 6(b) displays the relationship between apparent viscosity and shear rate for inks containing only GO, LFP/GO, and LTO/GO respectively. The concentration of GO was 85 mg mL -1 . The mass ratio of LFP or LTO to GO was kept at 7:3 with a GO concentration of 80 mg mL -1 in DI water. From the figure, the three types of inks showed a similar viscosity curve with an apparent viscosity ranging from 10 2 to 10 3
Pa at a shear rate of 1 s -1 , which indicated that GO dominates the viscosity behavior of the inks.
LFP and LTO nanoparticles did not have significant influence to the rheological properties of inks even when a large amount of electrode active materials was added. The relationship between elastic moduli/viscous moduli of LFP/GO and LTO/GO inks and shear stress is presented in Fig. 6(c) . The storage modulus values were 10 4 to 10 5 for both inks during plateau region, and a high yield stress of 10 3 Pa. As a result, large values of storage modulus and yield stress for 3D direct ink writing were achieved. Additionally, the values of elastic and viscous modulus of inks did not change much over time, indicating that the rheological stability was excellent during the drying process. A polymer composite ink with a low viscosity could easily be printed in the channels between two electrodes and made a good contact with them [37] .
The electrochemical performance of Li-ion battery which consists of 3D-printed interdigitated electrodes and polymer electrolyte is shown in Fig. 6(d-e) . In their work [37] , Kun et al. tested both half cells and full cell. During the half cells test, a liquid electrolyte was prepared by using 1M LiPF 6 in ethylene carbonate and diethyl carbonate. The conditions of the test were set at a voltage range of 2-4 V at a specific current of 10 mA g -1 . The initial charge and discharge capacity of LFP/rGO were near 168 mAh g -1 and 164 mAh g -1 . After the 10 th and 20 th cycles, the charge and discharge capacity of 170 mAh g -1 was maintained with a voltage hysteresis of about 0.1 V. On the other hand, the electrode of LTO/rGO exhibited an initial charge and discharge capacities of 184 mAh g -1 and 185 mAh g -1 under a specific current of 10 mA g -1 . After increasing of cycle number, the capacity of LTO/rGO slightly decreased, but the voltage hysteresis almost remained the same. By increasing the specific currents of the LTO half-cell measurement, the discharge capacities changed from 171 mAh g -1 at 10 mA g -1 to 73 mAh g -1 at 200 mA g -1 . It should be noted that the capacity of LTO-based electrode decreased faster than that of LFP-based electrode. This was explained by the shorter Li + diffusion distance for smaller nanoparticle (LFP had a dimeter less than 50 nm) that resulted in fast insertion kinetics of ions at increasing specific currents [37] . The test of the 3D-printed full cell was based on the loadings of 3.8 mg cathode and 3.9 mg anode under 50 mA g -1 . Fig. 6(d) demonstrates that the capacity of the full cell was about 100 mAh g -1 with the initial charge and discharge capacities were around 117 mAh g -1 and 91 mAh g -1 . Moreover, as the cycle number increases, the discharge capacity increased to 108 mAh g -1 after 10 th cycle as shown in Fig. 6(e) . This indicated that the activation of electrode was strengthened after several cycles. The full cell showed a good cycle stability with 92.3% of initial capacity remaining. The 2D structure LTO-LFP battery only exhibited a specific capacity of about 60 mA h g -1 after 300 cycles. Fig. 6(f) shows the image of the 3D-printed electrodes and the layer-by-layer structure was very clearly observed in Fig. 6(g) [37] . . 7(a) shows the schematic of 3D-printed LMFP based cathodes Li-ion battery.
Step I describes a synthesis process for LMFP through calcination and carbon coating processes.
Step II shows the printing process with the resulting slurry. In this work [84] , Fig. 7(a) .
In order to demonstrate the advantages of 3D-printed electrodes, Hu et al. compared the electrochemical performance between 3D-printed electrode and the coating electrode which were prepared by using same materials. Fig. 7(b-c) shows the charge-discharge voltage curves of 3Dprinted electrode and the coating electrode at different rates from 1 C to 100 C. The discharge capacity of the 3D-printed electrode was from 161.36 to 108.45 mAh g -1 at the rates of 1 C to mAh g -1 . Fig. 7(d-e) indicates that under different current rates, the specific capacity of 3Dprinted electrode was always better than of the coating electrodes. After 1000 cycles, the specific capacities of 3D-printed electrode were 150.21 mAh g -1 at 10 C and 140.67 mAh g -1 at 20 C. By contrast, the specific capacities of the coating electrode were only 103.38 mAh g -1 at 10 C and 90.64 mAh g -1 at 20 C. Therefore, 3D-printed electrode Li-ion battery exhibited a better longterm stability than the coating electrode Li-ion battery, and it achieved a high charging/discharging rate and high capacity [38, 84] . 
Metal (Zn)-based Materials for Energy Storage Devices
3D direct ink writing zinc-silver micro-battery
In comparison to commercial Li-ion batteries, which can provide a specific energy of 150
Wh kg -1 , zinc-silver batteries can offer high specific energy up to 300 Wh kg -1 , and high power density of 600 W kg -1 [85] . Moreover, the materials which are applied in zinc-silver batteries are less dangerous and less-flammable than Li-ion batteries [32] . Several 3D micro-battery features of sub-micron dimensions and high precision [86] . In the SIJP system, the traditional drop ejection system, such as piezoelectric or thermal actuators, was replaced by electrohydrodynamic actuation, which resulted in droplets with volumes as small as 1 fL, and sub-micron lateral feature sizes. During the printing process, the small volume of droplets could cause the droplet solvent to evaporate fast, so that the viscosity of the ink increased dramatically.
Meanwhile, the convective flow or surface tension effects could be minimized during the deposition process. In this study [32] , the ink was prepared by mixture of silver nanopaste with an average size of 24 nm and n-tetradecane with suitable viscosity for direct ink printing. With the purpose of getting high conductivity and dense structures of printed silver, the printed nanopaste was sintered at 250 C for 1h. Two staggered arrays of pillars were then printed by SIJP on a silver electrode pad (3 mm 3 mm). After that, a pair of 3D-printed silver structures was submerged into the aqueous electrolyte, which consisted of 10 M KOH with 57 g L -1
dispersed zinc oxide (ZnO) powder with a particle size of 30 nm.
The electrochemical performance exhibited two obvious anodic peaks at 1.73 V and 1.81 V, which indicated that monovalent and divalent oxides of silver were formed at the positive electrode. Three cathodic peaks were detected at 1.82 V, 1.5 V and 1.3V and the magnitudes of all peaks decreased after few cycles except the peak at 1.82 V. This phenomenon suggested that the stability of the formed silver oxides was changing with increasing number of cycles. A constant current experiment for silver electrodes showed that the discharge capacity decreased fast during the first seven cycles. The galvanostatic discharge performance of two microbatteries, one was prepared by using SIJP printed pillar electrodes, and the other one was prepared by using SIJP printed electrode pads. As a result, the areal charge capacity increased about 60% at current of 0.1 mA for the pillared electrodes due to their larger volume and surface area. The energy density of pillared electrodes was 3.95 mWh cm -2 , and it was larger than planar electrodes of 2.33 mWh cm -2 [32] .
3D direct ink writing zinc-manganese dioxide micro-battery
Though the performance of 3D zinc-based micro-battery has significant improvement compared to the traditional zinc-based battery, it still suffered from some difficulties in achieving repeated re-chargeability predominantly [87] . The reasons include the shape change in zinc electrodes, dendrite formation and the solubility of reaction products within the liquid electrolyte [88] . In order to minimize these issues, ionic liquid gel electrolyte was used by Ho et al. in the Zn-MnO 2 micro-battery [87] . Room temperature ionic liquids are molten salts at room temperature with the properties that include large electrochemical and temperature stabilities, high ionic conductivity, and negligible vapor pressure [89, 90] . Ionic liquids can be incorporated into polymers to form a gel electrolyte for energy storage device applications with solid-like mechanical strength and liquid-like ion transport properties [87] . In a work [87] , the zinc electrode was prepared by mixing 95 wt% zinc powder with particle size of 50 nm and 5 wt% . 8(a) shows the viscosity behaviors of electrode, gel electrolyte and pure ionic liquid as a function of shear rate. After the ionic liquid was combined with polymer to form a gel, the viscosity had a significant improvement compared with the pure ionic liquid. The viscosity of the slurry decreased when the shear rate increased. The Zn-MnO 2 micro-battery was fabricated following the process schematic seen in Fig. 8(b) . The electrodes were fabricated by a needle with 330 m inner diameter and then dried at 60 C for 20 mins. The gel electrolyte was also prepared by the same needles. Nickel foil worked as the current collector for the MnO 2 electrode as well as the substrate for printing. Zn slurry served as the electrode and its own current collector. Fig. 8(c) presents a sandwich structure of Zn-MnO 2 micro-battery [87] . The electrochemical performance is shown in the Fig. 8(d-e) . In general, the initial capacity of traditional Zn-MnO 2 cell was around 250 mAh g -1 in a 10 wt% KOH electrolyte, and only 31% capacity remaining after 24 cycles [91] . After KOH was replaced by ionic liquid gel electrolyte, there is a significant improvement in performance. Fig. 8(d) demonstrates by using discharge rates of C/3 or smaller, there was a dramatic capacity increase between cycles 7 and 9, and the capacity became stable with further cycling. This could be explained by the activation behavior of the MnO 2 electrode. The MnO 2 electrode experienced an activation process induced by the intercalation of Zn ions, which caused the physical form of the material to change from crystalline to amorphous. This reference did not provide enough evidence to prove this phenomenon, and further characterization should be carried out. Fig. 8(e) illustrates that the discharge capacity plateaus of Zn-MnO 2 micro-battery appeared after 15 cycles and stayed at ~0.98 mA h cm -2 for the following cycles. The energy density was about 1.2 mW h cm -2 [87] .
From the performance of Zn-MnO 2 micro-battery, it became apparent that Zn had a great compatibility with the gel electrolyte and good reversible behavior when cycled against the MnO 2 electrode.
Summary and Outlook
Research on electrochemical storage devices based on 3D direct ink writing techniques has been reviewed here by highlighting advances from different research groups. We elaborated on the electrochemical storage principles of supercapacitors and batteries and the comparison of devices with 2D and 3D structure 3D direct ink writing provides a new method to fabricate electrodes for energy storage devices. The surface area of devices increases significantly by using 3D printing techniques, which result in the capacitance improvement. Nevertheless, there are some limitations of 3D printing technologies that still need to be addressed. So far, only a few materials can be applied to 3D printing techniques. Most active materials applied in energyrelated applications are inorganic materials, and several additives are required to add into the inks to increase ink viscosity. However, these additives may change the properties of active materials and influence the final performance of devices. Moreover, 3D-printed electrodes with porous structure are vulnerable due to their poor mechanical properties. Even though carbon materials are commonly used in 3D printing techniques today, further research on advanced materials having high viscosity, small particle size, and excellent mechanical properties need to be continued. In addition, a big issue in today's energy storage devices is the liquid electrolyte typically used for providing sufficient ionic conductivity. However, safety of liquid electrolytes is a big concern due to possible leakage of liquid electrolyte during the thermal stress. The direct ink writing technique offers an effective way to fabricate solid-state electrolyte with flexible shapes. The overall thickness of the devices can be minimized and fit for different applications once the solid-state electrolyte is applied. For the future research, the selection of materials for electrodes and electrolyte should be optimized in 3D printing system, and the electrochemical performance of devices with high rate capability and long cycle life should be improved. 3D solid state electrolyte energy storage devices consisting of 3D structure electrodes and solid state electrolyte fabricated by the convenient 3D direct ink writing will become the next generation of energy device with the properties of light weight, high capacity, and better safety improved.
